To study the influence of residual stress on the corrosion behavior of welded structures, methods such as residual stress measurement, microstructure observation, and corrosion morphology observation were used. The energy transformation model and corrosion-resistance constant model were utilized to reveal the mechanism of residual stress on the welded structures' corrosion behavior. The results show that the fusion line was the region that is most heavily affected by corrosion and sustains more serious corrosion damage than other areas, resulting in the welded structure becoming a high-incidence area for corrosion cracking and failure. Residual tensile stress could reduce the activation energy and surface atomic density, and therefore decrease the corrosion resistance of the welded structures. The residual compressive stress decreased the activation energy needed by metal atoms to convert into metal ions in welded structures, and simultaneously increased the surface atomic density. The corrosion resistance of the welded structures ultimately increased owing to the combined influence of changes in activation energy and surface atomic density.
Introduction
Due to good connection performance and excellent air tightness, welding fabrication has been extensive applied in the manufacturing of steel structures [1] [2] [3] [4] . However, the welding residual stress has great influence on the corrosion resistance of welded structures while the structures serve in a corrosive environment, thus effecting their security and service life [5] [6] [7] [8] . Methods such as heat treatment and vibratory stress relief (VSR) are usually used to eliminate the residual stress in welded structures to reduce its effects on the structures [9] [10] [11] . However, it is difficult to eliminate the residual stress completely, especially in large-scale steel structures. Therefore, investigating the influence and mechanism of residual stress on the corrosion behavior of welded structures is important for the purpose of improving the performance of welded structures.
The influences on the corrosion resistance of welded structures by residual tensile stress and residual compressive stress are different, which increases the complexity of the investigation on the influence and mechanism of residual stress on the corrosion behavior. Numerous studies have indicated that residual tensile stress can not only increase the susceptibility of welded structures to corrosion cracking and the growth rate of corrosion cracks, but can also decrease their corrosion resistance [12] [13] [14] [15] . Compared with studies of residual tensile stress, reports on the influence of residual compressive stress on the welded structures' corrosion behavior are few. Furthermore, the theoretical analyses that could be used to reveal the influences and mechanisms of both residual tensile stress and residual compressive stress on the corrosion behavior are even fewer.
As a measurement of state transitions between types of matter, energy can establish the relationship between several physical and chemical processes. Therefore, the energy theory could be effective in establishing the relationship between the residual stress and corrosion behavior, and thus clarify the influence of residual stress on the corrosion behavior of welded structures. However, it is not enough to explain the corrosion mechanism of welded structures under the influence of residual tensile stress and residual compressive stress through the energy theory alone. Thus, research on the kinetics relationship of electrode reactions in the corrosion process is simultaneously needed, in order to achieve a method for revealing the influences and mechanisms of residual tensile stress and residual compressive stress on the corrosion behavior.
The corrosion behavior of welded structures immersed in natural seawater was investigated in this paper. Before the corrosion test, residual stress in some of the welded specimens was reduced by VSR, and the residual stress on the surface of welded specimens was measured by a stress magnetometer. To determine the influence and mechanism of residual stress on the corrosion behavior of welded structures, the microstructures and corrosion morphologies of various zones of welded specimens with different residual stress levels were observed. The influence of residual stress on the corrosion behavior of welded structures was achieved through the investigation on the relationships of energy a Field Engineering Institute, Army Engineering University of PLA, Nanjing, Jiangsu, China transformations during corrosion. The surface atomic density, which represents the number of atoms per unit area on a metal surface, was introduced into the Arrhenius equation 16 , and a corrosion-resistance constant model was constructed to explain the influence mechanisms of residual tensile stress and residual compressive stress on the corrosion behavior of welded structures.
Experiment

Sample preparation
The material used in the experiment was X65 steel, whose chemical components are listed in Table 1 . The dimensions of welded specimens were 350 mm × 150 mm × 10 mm, and the schematic of the groove is shown in Figure 1 . All specimens were processed via root welding by cellulose electrode. Additionally, semi-automatic self-protection welding with flux-cored wire was utilized in weld beads for filling and covering. Cellulose electrodes were E6010 and flux-cored wire was E71T8-K6. Welding parameters for each layer of weld are shown in Table 2 .
After processing, the welded specimens were separated into two groups, numbered A1 and A2. There were three specimens in each group, numbering A1-1, A1-2…A2-2, A2-3. To reduce the residual stress in the specimens of group A2, vibration was imposed by a high speed motor on specimens via the VSR method before the corrosion test. The surface of specimens of both groups were burnished before measurement to meet the requirements of the stress magnetometer. In order to confirm the residual stress relieving effect of the VSR method, a three-dimensional stress magnetometer (JH-80) was used to measure the residual stress on the surface of the specimens of group A2 before and after VSR. The residual stress on the surface of specimens of group A1 was also measured. Limited by the specimen size, only the transversal residual stress on the surface of specimens was measured. In order to improve accuracy of the measurement, the sensitivity coefficient of X65 steel was determined by the three-dimensional stress magnetometer before the residual stress measurement was undertaken. The value of X65 steel's sensitivity coefficient was 0.0153 mA/MPa, which was calculated from the detection results.
Residual stress measurement
Seawater corrosion test
The corrosion test was conducted in accordance with GB/T 6384-2008 in natural seawater for 60 days, to reduce the interference of the external environment in the energy transformation while corroding. The natural seawater was derived from the East China Sea, whose major chemical components are listed in Table 3 . The welded specimen was connected with a graphite flake through wire to constitute a galvanic cell structure while corroding, in order to increase the corrosion rate of the welded specimen. While the specimens were immersed in the seawater, distances of 2 m and 0.8 m were maintained from the surface of the seawater and the seafloor, respectively.
Observation of microstructure and corrosion morphology
The welded joint, heat affected zone (HAZ), parent metal, and fusion line were retrieved along with other non-corroded welded specimens, processed and unprocessed by VSR, using techniques for the preparation of metallographic specimens. After retrieval, the surface size of the metallographic specimens was 30 mm × 10 mm, and the height of the specimens was 10 mm. Surface treatment of metallographic specimens followed the GB/T13298-2015. After cleaning off specimen's surface, the surface was burnished by a mechanical grinding machine and polished by a polishing machine. Then, the metal surface was soaked in a mixed solution of HNO 3 and alcohol to show the microstructure. HNO 3 accounted for 5 % of the eroded solution, and the eroding time was 45 s. After making the metallographic specimens, the microstructures of various zones were observed with an optical microscope.
The corrosion products on the surface of corroded welded specimens were removed by H 2 SO 4 solution, and a corrosion inhibitor of thiourea was added to the acid solution to protect the base material (GB 6384-86, UDC 669: 620. 193. 1). The surface morphologies of the welded joint, HAZ, parent metal, and fusion line were observed by scanning electron microscopy (SEM), and the corrosion characteristics of each zone were analyzed. Figure 2 shows the transverse residual stress measurements of group A1. The transverse residual stress on the surface of the welded structure is tensile stress, and the peak stresses located in the weld centers are 155.83, 158.96, and 138.85 MPa. The residual stress in the welded structures decreases with increasing distance from the weld center.
Results
Residual stress measurements
The transverse residual stress measurements of group A2 before and after VSR are shown in Figure 3 . The residual stress of group A2 before VSR has the same distribution as that of group A1, while after VSR, the residual stress of group A2 is obviously reduced. The stress peaks of group A2 decrease from 186.56, 181.35, and 188.02 MPa to 53.87, 49.96, and 57.92 MPa, respectively, which represents the residual stress elimination effects of VSR, and meets expectations.
Microstructure observation
By comparing the microstructures among the welded joint, HAZ, parent metal, and fusion line of the welded structures processed and unprocessed by VSR, little difference was observed, which means that the VSR method has little influence on the microstructures of welded specimens. Microstructures of the welded joint, HAZ, parent metal, and fusion line are shown in Figure 4 . During welding, the welded joint, whose microstructure is made of granular ferrite, acicular ferrite, and pearlite, is formed through crystal nucleation growth and solidification of the welding pool. Large amounts of granular pearlite distribute in the space between granular ferrite and acicular ferrite, making the microstructure of the welded joint finer (Figure 4 a) . Crystal expansion and bulk ferrites of large size appear in HAZ due to the heat input while welding, and a small amount of bainite is deposited. Therefore, the microstructure of HAZ is mainly composed of granular ferrite, with a small amount of bainite ( 
Corrosion morphology analysis
A1-1 and A2-1 were selected for corrosion morphology analysis. The corrosion morphologies of the welded joints, HAZ, and parent metal are shown in Figure 5 . The corrosion characteristic of both the specimens' welded joint is pitting corrosion. The damaged area and diameter of corrosion pits on the surface of the A1-1 welded joint is larger than those of A2-1, which means that the corrosion resistance of A1-1 is lower than that of A2-1. Although a few corrosion pits exist, the main corrosion characteristic of A1-1 HAZ resembles uniform corrosion, while that in A2-1 HAZ is pitting corrosion. Consecutive corrosion grooves are observed on the parent metal surface of A1-1 with a few etch pits, and the corrosion morphology on the bottom of grooves appear to be based on uniform corrosion (after 200 × magnification). The corrosion damage of the A2-1 parent metal, whose corrosion characteristic is based on pitting corrosion, is lower than that of A1-1 parent metal.
The corrosion morphologies near the fusion line of A1-1 and A2-1 are shown in Figure 6 . Corrosion grooves were generated at the fusion line of both A1-1 and A2-1, however, the groove on the surface of A1-1 is deeper than that of A2-1. The welded joint near the fusion line of A1-1 shows serious pitting corrosion, with both the damage area and diameter of the etch pits much larger than that in any other areas of the welded joint. The degree of pitting of the A2-1 welded joint near the fusion line is more serious than at any other areas of A2-1 but less serious than that of A1-1. On the HAZ surface near the fusion line, the corrosion morphology of the A1-1 HAZ resembles uniform corrosion, and etch pits with large diameter are almost nonexistent. Although the corrosion morphology of the A2-1 HAZ surface near the fusion line resembles uniform corrosion, a small amount of etch pits with large diameter still exist.
Mathematical Model
Energy Transformation Model
To reveal the influence mechanism of the residual stress on the corrosion behavior of welded structures from the energy transformation perspective, the virtual work principle is required to introduce the residual stress into the energy transformation system. Metal unit E close to the welded joint is studied as an object, whose force condition is shown in Figure 7 .
According to elasticity mechanics, the virtual work equation is given by 17 :
where V d f: variation of elastomer strain energy; fi and f i : body stress and surface stress of the elastomer in "i" direction, respectively, and
Since the residual stress is body stress, Equation (1) can also be represented as: (2) where k v : normal stress applied on the metal unit E, and 
Since virtual displacement has the same direction as that of the residual stress, irrespective of whether E is applied by the residual tensile stress or compressive stress, the internal energy of E increases.
The increase in internal energy manifests as a change of shape in the macroscopic view and a change in metal atom mobility in the microscopic view. It is assumed that the total electron number inside and outside the nucleus in E and the temperature of E are constant. Thus 18 , where Ui: internal energy of E, and Uo: sum of the energy of the electrons around the atoms inside E.
The arrangement of metal atom in the metallic crystal is determined by free electrons inside crystal lattice, and the bonding force of the free electrons is the essence of metallic bond 19 . Therefore, the sum of the energy of the electrons is equal to the bond energy in metallic bond, (4) where Ub: bond energy of metallic bond. In the process of corrosion, metallic bonds between metal atoms break, resulting in the transformation of bond energy in the metallic bond to the electric energy and thermal energy. Additionally, the generation of electric energy and thermal energy increases as the bond energy increases.
Thus, the internal energy and the average electron energy level of E increase under the influence of both residual tensile stress and residual compressive stress, and the average activation energy, needed by the metal atoms for converting into metal ions, decreases. Meanwhile, the residual stress raises the bond energy in the metallic bond, and then increases the corrosion current density generated in the process of corrosion. Therefore, the rate of the transformation from metal atoms to metal ions is increased. Ultimately, the corrosion rate of E is accelerated by the residual stress.
Corrosion-resistance constant model
Electrochemical corrosion of metals is a conversion between metal atom A and metal ion B on the metal surface. While A transforms into B by passing over the electric double layer, A should be induced to become an activation molecule between the two electric layers. The electric field strength of the electric double layer in the phase boundary is uniform, with a value of (5) where Φ: potential difference of the electric double layer, and l: distance of the electric double layer.
It is assumed that the surface atomic density of the metal electrode is N. When N mol of A are activated by potential difference, the activation energy, N G According to the Arrhenius equation, the electrode reaction rate constants can be given as follows: (8) (9) where k a: electrode reaction rate constant during the transformation from A to B; ka: electrode reaction rate constant during the transformation from B to A; k: Boltzmann 
constant; R: molar gas constant; h: Planck constant, and T: temperature. The electrode reaction rates can be represented as:
where o : electrode reaction rate for the transformation from A to B; o : electrode reaction rate for the transformation from B to A; C A : atomic concentration of the metal electrode, which is equal to the surface atomic density N; and C B : metal ion concentration in the solution.
Since the metal ion concentration becomes quite low after diffusing into the corrosive medium during natural corrosion, we assume that C B =0 and C B =N. Thus, the overall reaction rate for the transformation from A to B is: (12) The time taken to corrode per unit area of metal can be modeled by the following function: (13) To facilitate the analysis, K t is considered the corrosionresistance constant, which is used to measure the corrosion resistance of the metal. Equation (13) represents the corrosionresistance constant model, wherein the larger the value of K t , the better is the corrosion resistance of the metal.
Example analysis
The corrosion process, whose corrosion products are mainly Fe
2+
, is taken for illustration. The parameters of the corrosion-resistance constant model used in the example are summarized in Table 4 . Curves of the corrosion-resistance constant versus surface atomic density show that the corrosion-resistance constant increases with increasing surface atomic density (Figure 8) . The larger the activation energy, the greater is the change in the corrosion-resistance constant gradient with increasing surface atomic density.
The relationship between the activation energy (ΔG) and ln(k t ) shows that the increase in activation energy could increase the corrosion-resistance constant, increasing the corrosion resistance of the metal (Figure 9 ). The corrosionresistance constant increases with the decrease in surface It is assumed that the function η is (14) where N kt 2 2 : change in the rate of corrosion-resistance constant with surface atomic density, and G kt 2 2 D : change in the rate of corrosion-resistance constant with activation energy.
Irrespective of the change in activation energy and surface atomic density, the value of η remains positive, implying Figure 10) . Therefore, the surface atomic density has a greater influence on the corrosionresistance constant than does the activation energy. Notably, a lower surface atomic density and larger activation energy can enhance the influence of the surface atomic density on the corrosion-resistance constant.
Analysis and Discussion
Analysis of corrosion morphology
The experimental results show that the higher the residual tensile stress level on the surface of the welded structures, the lower the corrosion resistance of the metal will be. However, crystal structures in the welded joint could 
enter the austenite transition region when the temperature is higher than 700℃ during welding, forming acicular ferrite and pearlite on cooling and increasing the corrosion resistance of the welded joint
20
. Thus, although a high-level residual tensile stress exists on the welded joint surface, the corrosion resistance of welded joint is still higher than that of the HAZ and parent metal.
Although the expansion in size of granular ferrite increases the corrosion resistance of HAZ, the bainite will separate away from the surface of HAZ while corroding, decreasing the corrosion resistance of HAZ to some extent. Meanwhile, the high-level residual tensile stress increases the internal energy of the structure and decreases the activation energy needed by the metal atoms to convert into metal ions, thereby decreasing the corrosion resistance of HAZ. The corrosion characteristic on the HAZ surface transforms from pitting corrosion to uniform corrosion since high-level residual tensile stress is dominant on the HAZ surface, and thus, the effect of galvanic corrosion is not obvious. The corrosion morphology of HAZ resembles that of pitting corrosion when the residual tensile stress level is low.
The average volume of granular ferrites on the surface of parent metal is smaller than that on the surface of welded joint, while there have more consecutive granular ferrites on the surface of parent metal. Thus, corrosion grooves are easier to generate on the surface of parent metal. Additionally, pearlite could enhance the local corrosion resistance of parent metal, inhibiting the consecutive growth of corrosion grooves. Meanwhile, the high-level residual tensile stress could promote the formation of the corrosion grooves on the surface of parent metal and the production of large-diameter pits outside the corrosion grooves, while the low-level residual tensile stress has little effect on the corrosion behavior of parent metal.
The depth of the corrosion groove at the fusion line increase with increasing residual tensile stress, indicating that the residual tensile stress is an important factor that renders the welded structure a high-damage area while corroding. The corrosion resistance of a welded joint near the fusion line decreases because of the reduction of pearlite, resulting in a more serious degree of pitting than any other areas of welded joint. Additionally, the pitting corrosion resistance of the welded joint that is close to fusion line is improved by Widmänstatten, leading to a lower pitting degree on the edge of the welded joint 21 .The residual tensile stress level on the HAZ surface near the fusion line is the highest on HAZ, which produces a large internal energy in the structure. Thus, the uniform corrosion characteristic on the surface of HAZ near the fusion line is more obvious, and the number of etch pits are fewer.
Mechanism analysis of corrosion
Activation energy needed for electrochemical corrosion is usually larger than 40 kJ/mol in a natural environment [22] [23] [24] , which is higher than the G D (28.95 kJ/mol) calculated by the mathematical model herein. The results of the corrosionresistance constant model indicate that the corrosion resistance of welded structures reduces with decreasing surface atomic density and activation energy (Figure 8,9) , and the surface atomic density has a greater influence on the corrosion resistance of welded structures than does the activation energy ( Figure 10) . Meanwhile, the number of atoms per unit area on the metal surface decreases under the influence of residual tensile stress and increases under the influence of residual compressive stress. Specifically, the residual tensile stress and residual compressive stress could decrease and increase the surface atomic density of welded structures, respectively. Thus, the activation energy and surface atomic density can be decreased simultaneously by the residual tensile stress, decreasing the corrosion resistance of the welded structures. In contrast, the residual compressive stress can enhance the corrosion resistance of the welded structures by increasing the surface atomic density of welded structures, and the impact on corrosion resistance based on the reduction of activation energy is counteracted.
The experimental results show that the residual tensile stress can decrease the corrosion resistance, which is the same as that proposed by the theoretical results achieved from the energy transformation model and corrosion-resistance constant model. Therefore, the energy transformation model and corrosion-resistance constant model could be used to analyze the corrosion behavior of the welded structures, and then reveal the influence mechanism of residual stress on this corrosion behavior.
6. Conclusion 1. While low-level residual tensile stress has a stimulative effect on pitting corrosion, local galvanic corrosion is still the main influencing factor for the corrosion behavior of welded structures. Residual tensile stress will be the main factor affecting the corrosion behavior of the welded structures when the residual tensile stress becomes higher, and the corrosion characteristic of the surface is transformed from pitting corrosion to uniform corrosion. 2. Areas with the most serious corrosion damage occur near the fusion line because of the influences of high-level residual stress and the microstructure. The corrosion resistance near the fusion line is much lower than that further away from the fusion line, which renders the welded structure a high-damage area while corroding. 3. The energy transformation model and corrosionresistance constant model could explain the influence mechanism of residual stress on the corrosion behavior of welded structures, and could provide theoretical support for further research on corrosion. 4. Residual tensile stress can reduce activation energy and surface atomic density simultaneously, thereby decreasing the corrosion resistance of welded structures. However, residual compressive stress could increase the surface atomic density of the metal, thereby counteracting the impact on corrosion resistance based on the reduction of activation energy, and ultimately enhancing the corrosion resistance of welded structures.
